Background: A fundamental process underlying all brain functions is the propagation of spiking activity in networks of excitatory and inhibitory neurons. In the neocortex, although functional connections between pairs of neurons have been studied extensively in brain slices, they remain poorly characterized in vivo, where the high background activity, global brain states, and neuromodulation can powerfully influence synaptic transmission. To understand how spikes are transmitted in cortical circuits in vivo, we used two-photon calcium imaging to monitor ensemble activity and targeted patching to stimulate a single neuron in mouse visual cortex. Results: Burst spiking of a single pyramidal neuron can drive spiking activity in both excitatory and inhibitory neurons within a w100 mm radius. For inhibitory neurons, w30% of the somatostatin interneurons fire reliably in response to a presynaptic burst of R5 spikes. In contrast, parvalbumin interneurons showed no detectable responses to single-neuron stimulation, but their spiking is highly correlated with the local network activity.
Introduction
Connectivity between neurons is characterized structurally by synaptic contacts and physiologically by the strength and temporal dynamics of synaptic transmission. Whereas highresolution reconstruction of physical wiring diagrams [1] [2] [3] can reveal all potential routes of communication, the functional properties of the synapses dictate what types of signals are actually transmitted to each postsynaptic target. For example, the dynamic properties of synapses can control the routing of recurrent inhibitory signals to different compartments of individual neurons [4] and the gating of excitatory interactions between different brain areas [5] . The temporal interplay between the thalamic input and feedforward inhibition determines the precision of cortical spike timing in response to sensory stimulation [6] . Such dynamic properties of synaptic transmission can enhance the processing power of neuronal circuits by increasing the diversity of signals transmitted from each neuron [7] . In behaving animals, these properties may improve the flexibility of neuronal circuits to meet varying task demands [8] .
Synaptic connections between pairs of cortical neurons have been studied extensively in brain slices. Connectivity maps between excitatory neurons have been generated by making simultaneous whole-cell recordings from multiple neurons [9, 10] , sometimes following functional characterization of each neuron in vivo [11] . Excitatory connections from pyramidal neurons to the major subtypes of inhibitory neurons, such as the fast-spiking and Martinotti interneurons, have also been examined in great detail, revealing distinct temporal characteristics [12] [13] [14] [15] [16] . However, it is unclear to what extent these in vitro findings are applicable in vivo, where the high background activity, global brain states, and neuromodulation can powerfully modulate synaptic properties [17] .
In particular, little is known about how spike bursts are transmitted within the cortical circuits in vivo. High-frequency bursts of cortical neurons have been observed in both anesthetized and awake animals [18] . Such bursting activity may play special roles in neural coding because of its reliability in transmitting information and its potency for modifying synapses [19] . Importantly, burst spiking of even a single cortical neuron can have a powerful influence on the animal, from driving sensory perception [20] and whisker movement [21] to switching the global brain state [22] . Presumably, the bursting neuron exerts its global impact by first driving the spiking of other cortical neurons nearby, but how a spike burst is transmitted within the local circuits remains unknown.
In this study, we show that transmission of spike bursts can be measured in vivo with cellular resolution. In layer 2/3 of the mouse visual cortex, we found that burst spiking of a single pyramidal neuron can drive spiking activity in both excitatory and inhibitory neurons within a w100 mm radius. For inhibitory neurons, whereas w30% of the somatostatin (SOM) interneurons can be activated reliably, parvalbumin (PV) interneurons showed no detectable responses to singlepyramidal neuron bursts. Instead, their spiking is highly correlated with the local network activity. Together, these results reveal distinct mechanisms for activating the two inhibitory circuits and provide a framework for understanding how spikes of pyramidal neurons propagate within the local cortical circuits in vivo.
Results

Relationship between Spike Rate and Calcium Signal In Vivo
We labeled layer 2/3 cells in the primary visual cortex of urethane-anaesthetized adult mouse by bolus injection of the calcium indicator dye Oregon Green 488 BAPTA-1 AM (OGB-1) (see Experimental Procedures). To quantify the relationship between the fluorescence transients and spike rates, we used two-photon imaging [23] to guide cell-attached recordings from three subtypes of cortical neurons.
Excitatory and PV neurons were identified by breeding the loxP-flanked tdTomato reporter mice with the CaMKIIa-Cre and the PV-Cre mice, respectively ( Figures 1A and 1C) . Simultaneous calcium imaging and cell-attached recordings showed that the fluorescence of both the excitatory and PV neurons increased with the number of action potentials *Correspondence: ydan@berkeley.edu (APs, mean r = 0.82 and 0.91, respectively; Figures 1B, 1D, and 1I; see Figure S1 available online), although the slope of dF/F versus AP number was much higher for excitatory neurons (0.0185 dF/F per spike) than for PV interneurons (0.0058). We also recorded from the GFP-expressing SOM interneurons in cortical layer 2/3 of the GIN mice, which are predominantly Martinotti cells [24] (Figure 1E ). Similar to the excitatory and PV neurons, the dF/F of SOM interneurons (n = 8) also increased with the number of APs (mean r = 0.75; slope = 0.0078) ( Figure 1F ). For all three cell types, the spike-triggered average of the fluorescence signal showed a sharp rise and exponential decay ( Figure 1H ).
In addition to establishing the relationship between somatic calcium transients and spiking activity for each cell type, these experiments also confirmed that the excitatory and GABAergic neurons have distinct spike widths and waveform asymmetry ( Figure 1G ). Interestingly, SOM interneurons showed narrow and biphasic spike waveforms similar to PV interneurons, although their spontaneous firing rates were much lower. 
Spike Bursts Drive nearby SOM and Putative Pyramidal Neurons
To probe excitatory connections in the local cortical circuits, we made whole-cell recording from a pyramidal neuron near a labeled interneuron (Figures 2A and 2B) . The patched cells were identified as pyramidal neurons by their spiny dendrites ( Figure 2C ) and low (<2 Hz) spontaneous firing rates. A train of 135 current steps (800 pA, 0.1 s/step, 1 s interstep interval) was injected to elicit spike bursts (61 6 11 Hz, SD; n = 26 cells; Figure 2D ), and OGB-1 fluorescence of w20-40 neighboring cells was imaged.
Although the majority of the cortical neurons exhibited no obvious change in somatic calcium transients due to the single-pyramidal neuron stimulation, we found some cells with stimulation-induced responses ( Figures 2E-2G ). As expected, the patched pyramidal neuron ( Figure 2B , blue) had calcium transients that directly reflected the spiking activity elicited by the stimulation ( Figure 2E ). The fluorescence rose quickly after the first few current steps and returned to baseline several seconds after termination of the stimulation train. Interestingly, a neighboring SOM interneuron ( Figure 2B , red) was also driven, although with a more gradual rise in fluorescence ( Figure 2F ). As shown by the stimulus-triggered average across all current steps ( Figures 2E and 2F , middle and right plots), both the patched pyramidal neuron and the SOM interneuron showed significant time-locked calcium increases in the stimulation but not in control trials (0 pA, 0.1 s/step, 1 s interstep interval), indicating that this SOM interneuron was driven to fire by the spike burst of the patched pyramidal neuron.
A small number of unidentified cells (black) in the imaged ensemble also exhibited stimulus-locked increases in fluorescence ( Figure 2G ). For most of these cells, there was no sustained rise in calcium during the stimulation train. Because their fluorescence traces had flat baseline and distinct peaks, typical of identified pyramidal neurons ( Figure 1A) , and because w80% of cortical neurons are excitatory, we refer to these unidentified, driven cells as ''putative pyramidal neurons.'' Experiments in CaMKIIa-Cre 3 tdTomato mice showed an activated cell identified by tdTomato labeling to be an excitatory neuron ( Figure S2 ), indicating that singleneuron stimulation is indeed capable of activating nearby excitatory neurons.
In total, we patched and stimulated 26 pyramidal neurons and examined 1,189 possible connections, including 17 pyramidal-SOM pairs. To quantify the effect of stimulation, for each neuron we calculated the difference between the mean fluorescence within 200 ms windows before and after each current injection (DdF/F post-pre, see Experimental Procedures). For SOM interneurons (red), 29% (5/17) were driven by the stimulation with significant trial-averaged DdF/F post-pre (Figure 3A) . Of the putative pyramidal neurons, however, a much smaller fraction (1.7%, 20/1,152) was driven by burst spiking of the patched neuron. We refer to these neurons with significant responses as ''functionally connected'' cells.
Temporal Dynamics of the Functional Connections
Although a subset of both the SOM interneurons and putative pyramidal neurons was driven to fire by single-pyramidal neuron stimulation, these functional connections exhibited different characteristics. The SOM interneurons were activated reliably in nearly every trial, whereas the putative pyramidal neurons showed calcium transients only in a small subset of the trials ( Figure 3B ). Trial-averaged dF/F showed that the SOM interneurons responded with a considerable delay (t 50 = 65 ms) ( Figure 3C ; Figure S3A ), and the response amplitude (measured by DdF/F post-pre ) increased with the number of APs evoked in the patched neuron with a threshold of w5 APs ( Figure 3D ; Figure S3B ). Both the delay and AP threshold are consistent with the facilitating pyramidalMartinotti synapses found in vitro [13] [14] [15] . In contrast, for the pyramidal-putative pyramidal connections, the fluorescence rose immediately after each stimulation (t 50 = 15 ms) (Figure 3G ; Figure S3A ), and the response amplitude showed no further increase above a threshold of w5 APs ( Figure 3H ). Over repeated stimulation, the response reduced slightly for the SOM interneurons (slope = [25 6 2] 3 10 25 , zero crossing at 237th trial, p = 0.03, t test) ( Figure 3E ) but not for the putative pyramidal neurons (slope = [1 6 2] 3 10 25 , p = 0.74, t test) ( Figure 3I) .
To examine the influence of cortical state, we used the membrane potential of the patched neuron as a proxy for UP (depolarized) and DOWN (hyperpolarized) states (see Experimental Procedures). For both the connected SOM interneurons and putative pyramidal neurons, the response was higher during the UP than the DOWN state ( Figures 3F and  3J ), although the difference was not significant (SOM, p = 0.27; putative pyramidal, p = 0.17, paired t test).
PV Interneurons Are Less Sensitive to Single-Pyramidal Neuron Burst
In addition to the SOM interneurons, another major class of inhibitory neurons in the neocortex is the fast-spiking PVexpressing cells, known to play important roles in generating oscillations [25] and in promoting neuronal synchrony [12] . To test the effects of single-neuron stimulation on PV interneurons in vivo, we patched nearby pyramidal neurons and used the same stimulation protocol (800 pA, 0.1 s/step, 1 s interstep interval) ( Figures 4A and 4B ) to measure spike transmission in the pyramidal-PV pairs (n = 20).
In contrast to the SOM interneurons, of which w30% was driven by single-pyramidal neuron stimulation, none of the PV interneurons showed significant trial-averaged DdF/F post-pre . Although the PV interneurons had large fluctuations in their intracellular calcium concentrations during both control and stimulation periods ( Figures 1C and 4C ), these fluctuations were not time-locked to the current injection steps in the patched neuron. The trial-averaged fluorescence was similar between the stimulation and control (0 pA, 0.1 s/step, 1 s interstep interval) conditions in both the mean and variance ( Figure 4D ). Note that in this particular example, the somas of the PV interneuron and the patched pyramidal neuron were immediately adjacent to each other ( Figure 4B ). The lack of stimulus-locked fluorescence change in the PV interneuron ( Figure 4D ) despite the large response in the neighboring pyramidal neuron ( Figure 4E ) testifies to the absence of signal contamination among the imaged neurons.
Note that the absence of PV interneuron responses to single-cell stimulation does not indicate a lack of synaptic connectivity, because spiking of a single layer 2/3 pyramidal neuron is known to induce synaptic responses in fast-spiking interneurons in vitro [12, 16] . Instead, this result shows that single-pyramidal-neuron stimulation exerts much less influence on the spiking of PV interneurons than of SOM interneurons and some of the pyramidal neurons. To further assess the influence of pyramidal neuron stimulation, we estimated the number of added APs in the PV and SOM interneurons due to each trial of single-pyramidal neuron stimulation by dividing the mean DdF/F post-pre during stimulation by the measured slope of dF/F as a function of AP number ( Figures  1D and 1F, respectively) . For the 20 PV interneurons imaged, the mean number of added APs per stimulation trial was 0.00 6 0.06 (SEM; Figure S4A ). In contrast, for the 17 SOM interneurons tested, the mean was 0.25 6 0.13 AP/trial (SEM; Figure S4B ), even though the fluorescence response to spikes was comparable between the SOM (0.0078 dF/F per spike) and the PV (0.0058 dF/F per spike) interneurons. This analysis indicates that even if single-pyramidal neuron stimulation caused spiking in the PV interneurons, it was much rarer than in the SOM interneurons. To directly assess the sensitivity of our method for detecting functional connections to each cell type, we also performed a bootstrap analysis based on the cell-attached recordings ( Figure S4C ). We found that for a reliable connection in which a presynaptic burst evokes a single postsynaptic AP in most of the trials, <200 stimulation trials are sufficient to detect the connection in all the pyramidal, SOM, and PV neurons we have recorded from. Given the mean number of stimulation trials in our experiment was 370 6 61 (SD), the lack of detectable DdF/F post-pre for the PV interneurons suggests that single-cell stimulation led to < 0.55 additional AP per trial. This analysis thus provided a quantitative upper bound for the spike burst-to-spike transmission from pyramidal to PV neurons.
Correlation with Local Network Activity
Because the balance between excitatory and inhibitory activities is a prominent feature of the neocortical network [26, 27] , we wondered how the calcium fluctuations of the inhibitory interneurons are related to the local network activity. To generate a proxy for the local network activity, we inferred (see Experimental Procedures) and summed the spikes from every cell within the field of view excluding the identified interneurons ( Figure 5A ). Interestingly, the active and quiescent periods of the network well matched the calcium fluctuations observed in the PV interneuron ( Figure 5B) .
To quantify the influences of the stimulated single pyramidal neuron versus the network activity, we calculated their correlation coefficients with the fluorescence fluctuation of each interneuron during the control (I = 0) and stimulation (I = 800 pA) periods ( Figures 5C and 5D ). We found a clear dissociation between the SOM and PV interneurons. With network activity, the PV interneurons showed higher correlation than SOM interneurons during both control (p = 7 3 10
29
, twosample t test) and stimulation (p = 1 3 10 28 ) periods ( Figure 5C ). The correlation was also higher for the PV interneurons than for the population of imaged cells as a whole (p = 3 3 10 29 for stimulation and 8 3 10 212 for control, twosample t test), the majority of which should be pyramidal neurons. With the stimulated single pyramidal neuron, on the other hand, the SOM interneurons showed higher correlation than the PV interneurons during stimulation (p = 0.01, all SOM; p = 5 3 10 24 , connected SOM, two-sample t test), whereas the PV interneurons correlated better during control (p = 2 3 10 24 ) ( Figure 5D ), presumably because the spontaneous rather than the evoked spiking of the patched neuron was correlated with the network activity. This result on spontaneous activity complements the previous finding that during visual stimulation, the broadly tuned responses of GABAergic interneurons may be approximated as the sum of the sharply tuned responses of neighboring excitatory neurons [16, 28] . The low correlation between SOM interneurons and network activity is consistent with the smaller slow membrane potential oscillations in SOM neurons than in excitatory and fast-spiking neurons [29] . Together, these results show that the PV rather than the SOM subtype of interneurons tracks the summed activity of the local cortical network.
Impact of Single Neuron Burst on Local Circuit Activity
Single-neuron stimulation in rodent neocortex can have a global impact in vivo [20] [21] [22] , although the underlying circuit mechanisms are unknown. We assessed the circuit-level influence of single-neuron burst spiking by analyzing the entire population of imaged neurons. The 1,189 imaged cells were ranked by the stimulation-induced fluorescence change, DdF/F post-pre . As described above, a small subset of the neurons consisting of SOM interneurons (red) and putative pyramidal neurons (black) had significant DdF/F post-pre , whereas the majority of the cells were insensitive to the single-neuron perturbation (PV, green; unidentified, gray) ( Figure 6A ). Interestingly, compared to the control (Figure 6B ), the stimulation also caused larger negative DdF/F post-pre in some cells, thus extending both the positive and negative tails of the DdF/F post-pre distribution. However, the inhibitory effect was generally weaker than the excitatory effect and not statistically significant for any individual neuron based on our functional connection criterion. The overall rates of inferred spikes in all unidentified cells were not significantly different between the stimulation and control periods ( Figure S5 , p = 0.32, paired t test), suggesting that the excitation of some neurons evoked by the bursts of the patched neuron was balanced by inhibition of other cells, presumably mediated by polysynaptic pathways involving inhibitory interneurons.
We constructed a spike-transmission map for each neuronal type based on the location of each imaged cell relative to the stimulated neuron ( Figure 7A) ; solid symbols and dashed lines indicate neurons with significant trial-averaged calcium increases in response to the stimulation. The observed functional connections showed no clear anisotropy in the primary visual cortex (p = 0.51, SOM; p = 0.44, putative pyramidal neurons; Rayleigh test). For the SOM interneurons, the median distance from the stimulated pyramidal neuron to the driven SOM neuron was 83 mm ( Figure 7B , top plot, red line), comparable to the median distance for all the imaged SOM neurons (72 mm, dark red line). However, the response amplitude of the SOM interneurons decreased with the distance from the stimulated pyramidal neuron ( Figure 7C , red line; correlation coefficient = 20.96, p = 0.01). For the putative pyramidal neurons, the mean distance from the stimulated cell was 53 mm for the driven cells ( Figure 7B , bottom plot, black line), which is shorter than the median distance for all imaged pyramidal neurons 91 mm, gray), but the response amplitude showed no significant distance dependence ( Figure 7C , black line; correlation coefficient = 20.12, p = 0.60). To further visualize the spatial influence of single-neuron burst spiking on the local cortical circuits, we generated an ''excitatory map'' using the diameter of each circle to represent the magnitude of DdF/F post-pre for all imaged neurons with positive responses (DdF/F post-pre > 0), regardless of whether the response of the cell was statistically significant ( Figure 7D ). Cells with large responses (DdF/F post-pre > 0.006) were all found within 100 mm of the patched cell.
Discussion
Our results showed that spike transmission in cortical layer 2/3 can be measured with cellular resolution in vivo, therefore providing a new method for mapping functional connectivity. Using this approach, we provided a quantitative assessment of the effects of a spike burst in a single pyramidal neuron on the local cortical circuits. We found marked differences in the probability and temporal dynamics of the functional connections among different types of cortical neurons.
Driving Cortical Circuits with Single-Neuron Stimulation
Single-cell stimulation in vivo is sufficient to evoke whisker movements [21] , drive sensory perception [20] , and modify the global brain state [22] . However, the immediate consequence of such stimulation within the local cortical circuits was poorly understood. In this study, we have found that driving a single pyramidal neuron causes spiking activity in a subset of other cortical neurons within w100 mm of the stimulated cell. In layers 2/3 of the mouse primary visual cortex, there are w15 3 10 4 neurons per mm 3 [30] , of which w80% are excitatory neurons. Among the inhibitory neurons in this cortical region, 8% to 24% are SOM interneurons [31, 32] . Based on these cell density estimates and the probability of functional connectivity measured in our study ( Figure 7A ), we estimated that within 100 mm of the stimulated cell, there are w600 neurons, of which the single-neuron burst spiking recruits w14 pyramidal neurons and 3-9 SOM interneurons. The actual number of activated neurons may be larger, because a stringent statistical criterion was used in this study to test for functional connectivity (see Experimental Procedures; Figure 6 ; and Figure S4C ), and not all SOM interneurons express GFP in the transgenic GIN mice [24] .
Although in principle the activation of some of the cortical neurons could be mediated by polysynaptic pathways rather than direct monosynaptic connections, we believe that the polysynaptic effects are unlikely to have a major contribution. Because the number of activated pyramidal neurons is quite small, and for each of these activated neurons the additional spiking caused by the stimulation is much less than the high-frequency bursts evoked in the patched neuron, the number of polysynaptic, second-order spikes should be much smaller than the number of first-order spikes in the monosynaptically connected cells. For the activated SOM interneurons, their response showed longer latencies ( Figure 3C ). Although it is possible that the cessation of SOM interneuron activity could evoke rebound spiking in pyramidal neurons [33] , we have not observed such long-latency responses due to single-cell stimulation. Spiking of the SOM interneurons, however, may inhibit PV interneurons and contribute to their lack of response to the spike bursts of the patched pyramidal neuron.
The axons of SOM interneurons arborize extensively in layer 1, which contains long-range intracortical connections. The high pyramidal-SOM functional connectivity observed in this study may thus play important roles in the dynamic coupling between cortical areas and in modifying the global brain state in response to single neuron burst spiking [22] . Note that in this study, the mouse cortex was in stable UP/DOWN (slow-wave oscillation) state throughout each experiment, and we did not observe any brain state switch following single-pyramidal neuron stimulation (based on EEG recorded in frontal brain areas, data not shown). In addition to differences in species and stimulation protocol, the most probable reason is the use of chlorprothixene during anesthesia (see Experimental Procedures), which enhanced the stability of recording [34] but minimized the occurrence of persistent-UP (desynchronized) brain state.
Spike Transmission among Excitatory and Inhibitory Neurons
Several features of the spike transmission patterns that we have observed in vivo are consistent with the known dynamic properties of the synapses. For the PV interneurons, we found no detectable response to single pyramidal neuron stimulation but a high correlation with the local network activity. Although spiking of a single layer 2/3 pyramidal neuron can induce a large excitatory postsynaptic potential (EPSP) in fast-spiking interneurons [12] , this synapse is strongly depressing, so the EPSP amplitudes in a high-frequency train become progressively smaller [15] . Therefore, one would expect synchronous spiking from multiple neurons to be more effective than sequential spikes from the same neuron in driving the PV interneuron. Indeed, a recent study showed that synchronous spiking in a group of w100 layer 2/3 excitatory neurons can effectively drive nearby fast-spiking cells in vivo [35] . Functionally, our finding supports the notion that PV interneurons closely track and balance the overall level of excitation in the local cortical network [26, 27] . It is also possible that some of the correlated activity between PV interneurons and the local network results from common inputs, for example from layer 5 where cortical slow-wave oscillations originate [36] .
The SOM Martinotti interneurons receive facilitating excitatory inputs from the pyramidal neurons [15, 29] . Such facilitation can greatly enhance the EPSPs evoked by consecutive spikes of the same presynaptic neuron [13, 14] , which could explain why the SOM interneurons were reliably driven by single-neuron spike bursts in vivo. The delayed activation and the threshold of w5 APs observed for the pyramidal-SOM connections ( Figures 3C and 3D ) are also consistent with synaptic facilitation. Thus, together with the data from PV interneurons, our results support distinct mechanisms for activating the two inhibitory circuits: whereas the SOM interneurons are integrators of single-pyramidal neuron burst spiking, the PV interneurons are coincidence detectors of local network activity [4, 37] . This functional dichotomy may be a critical factor governing how spikes from cortical pyramidal neurons are selectively routed to different inhibitory circuits in vivo.
A small subset of putative pyramidal neurons was also activated by single-pyramidal neuron stimulation. The activation of these neurons was somewhat surprising given that most of the connections between pyramidal neurons are quite weak [9] . However, the neocortex in vivo operates in a high background activity regime that could boost spike transmission. Moreover, although most pyramidal-pyramidal connections are weak, previous studies in slices have demonstrated rare connections with unusually large EPSPs [9, 10] . The spike transmission pathways we have observed in vivo may largely reflect these rare connections, possibly representing the essential building blocks for the fine-scale excitatory subnetworks in the neocortex [38] .
Mapping Functional Connectivity In Vivo
Our results have demonstrated the feasibility of mapping cell-type-specific spike transmission in vivo by advancing an optical probing technique previously used in vitro [39] . Such functional connectivity maps depend on a combination of anatomical connectivity, functional synaptic properties, and the context of network activity. Compared to crosscorrelation analysis of extracellularly recorded spike trains, which has been used to reveal putative monosynaptic connections in vivo [8, 40] , our technique allows unequivocal cell-type identification and a direct test of the causal relationship between each neuronal pair. Compared to highresolution wiring diagram reconstruction [1, 2] , our approach enables the search for not only the rules governing functional connections but also their modulation by experience and behavior.
Experimental Procedures
All experimental procedures were performed in accordance with NIH guidelines and approved by the Animal Care and Use Committee at University of California, Berkeley. C57BL/6, GIN, PV-Cre 3 tdTomato, or CaMKIIa 3 tdTomato mice (postnatal day [P]60-120) were anaesthetized with urethane (0.75-1.25 g/kg) and chlorprothixene (5 mg/kg). A 1.5 mm diameter craniotomy was made above the primary visual cortex for in vivo two-photon imaging. Layer 2/3 cortical neurons were labeled with Oregon Green 488 BAPTA-1 AM (OGB-1) via bolus loading. In transgenic mice, somatostatin (SOM) or parvalbumin (PV) interneurons were identified using different combinations of excitation and emission wavelengths. Under visual guidance, we targeted a neuron (150-300 mm deep) near an OGB-1-loaded interneuron with a patch electrode containing internal solution and Alex 594. Whole-cell recording and stimulation were done in current-clamp mode. During a stimulation episode (w2.5 min), 135 current steps (800 pA for 100 ms/step, 1 s interstep interval) were injected, while intracellular membrane potential and 2,400 time-lapse image frames of OGB-1 fluorescence were simultaneously acquired. During a control episode, the same protocol was used but no current was injected. Control and stimulation episodes were alternated. Fractional changes in fluorescence (dF/F) were trial-averaged by aligning to the onsets of the current steps. The effect of single-neuron stimulation on neighboring neurons was quantified by calculating DdF/F post-pre , the difference in mean dF/F within 200 ms windows before and after stimulation. A cell was identified as connected when mean DdF/F post-pre > 3 3 SEM. Detailed procedures are included in Supplemental Experimental Procedures.
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